Introduction
Graft versus host disease (GVHD) occurring after allogeneic stem cell transplantation is mediated by donor T-cell alloreactivity against major and minor histocompatibility antigens presented by recipient antigen presenting cells. 1 Umbilical cord blood (UCB) has been shown to elicit reduced incidence and severity of GVHD. [2] [3] [4] While the majority of these studies have been performed in children, recent studies have demonstrated low rates of GVHD in adults after UCB transplantation. 5, 6 Potential cellular and molecular mechanisms that underlie the clinical observations of low rates of GVHD in UCB recipients have been investigated. It has been shown that activated UCB lymphocytes produce lower amounts of cytokines after primary and secondary stimulation as compared to activated adult T lymphocytes, including interferon-(IFN-) [7] [8] [9] [10] [11] [12] and tumor necrosis factor-(TNF-), 7, [10] [11] [12] which play an important role in clinical GVHD. Additionally, production of the cytokines interleukin-2 (IL-2) 7,9,10 and IL-4 7 by activated UCB T-cells is reduced compared to the response observed in adult blood (AB) T-cells. Moreover, although UCB T lymphocytes proliferate at rates equivalent to adult T lymphocytes in response to primary stimulation, alloantigen-specific cytotoxicity is reduced in UCB T lymphocytes when compared to adult controls after secondary stimulation. [12] [13] [14] The NFAT family of transcription factors contains five distinct NFAT proteins:
NFATc1 (NFAT2 or NFATc), NFATc2 (NFAT1 or NFATp), NFATc3 (NFAT4 or NFATx), NFATc4 (NFAT3), and NFAT5 (TonEBP). 15, 16 NFATc1-NFATc4 proteins are defined by a common regulatory domain that is the target of calcineurin, a calcium/calmodulin dependent protein phosphatase. 16 Increased intracellular calcium occurring after T-cell only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From activation results in dephosphorylation and thus activation of NFAT proteins with consequent translocation of the NFAT proteins from the cytoplasm to the nucleus and transcriptional activation of genes involved in cellular development, activation and differentiation. 16 Cyclosporin A (CsA) and FK506, effective prophylactic and treatment agents against GVHD have been shown to inhibit calcineurin, as well as dephosphorylation and translocation of NFAT proteins. [17] [18] [19] NFATc2 interacts with the Fos-Jun heterodimer AP-1 for the transcriptional regulation of many genes including IL-2, IL-3, IL-4, MIP-1 , and FasL. 16, [20] [21] [22] Additionally, it has been shown that NFATc2 is necessary for the transcription of multiple cytokines and inflammatory proteins including CTLA-4, IL-13, IFN-, CD40L, GM-CSF, and TNF-. [21] [22] [23] Reduced constitutive expression of NFATc2 protein in unstimulated UCB T lymphocytes, as well as an attenuated up-regulation of NFATc2 during primary stimulation has been previously reported. 11 Moreover, activated UCB T lymphocytes produce reduced amounts of NFATc2-regulated IL-4, IFN-, TNF-, GM-CSF and have reduced surface expression of CD40L. 7, [24] [25] [26] Therefore, reduced constitutive NFATc2 expression in UCB T lymphocytes and attenuated up-regulation during primary stimulation may be one underlying molecular mechanism for blunted UCB allo-responsiveness.
These observations taken together suggest that UCB differs from adult cells in both cytokine profile and effector function. To test this hypothesis we performed direct comparative gene expression profiling of purified CD4 + T-cell populations derived from adult and UCB during primary stimulation. We noted profound differences between both populations suggestive of specific signaling events that may underlie the decreased GVHD allo-reactivity observed after UCB transplantation. Our results reveal only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From an attenuated increase in expression of NFAT-family, NFAT-related, and NFATdependent genes, as well as globally reduced expression of cytokine and chemokine genes in UCB T lymphocytes during primary stimulation. In addition, expression of Th1 and Th2 transcription factors were reduced in UCB CD4 + T lymphocytes during primary stimulation.
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Materials and Methods

Cells
With informed consent, human umbilical cord blood (UCB) from scheduled cesarean sections and adult peripheral blood (AB) were collected and mononuclear cells (MNC) purified as previously described. 11, 23 For gene expression analysis using the HG-U133A&B GeneChip (Affymetrix, Santa Clara, CA), MNC from 7 independent UCB units and 7 control adults were depleted of CD14 + cells using CD14 microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany) and CD4 + T-cells were selected using CD4 microbeads (Miltenyi). All cell separations were performed using AutoMACS magnetic cell sorter (Miltenyi). For hybridization to the HG-U95A GeneChip, MNC from 5 independent UCB units and 5 control adults were of depleted CD14 + cells using Dynabeads (Dynal, Lake Success, NY) followed by positive selection of CD4 + T-cells using magnetic beads and manual columns (Miltenyi).
T-cell Stimulation
For the HG-U133A&B gene array analysis, purified T-cells from each individual were divided into three equal populations. One population (0hr) was extracted for RNA immediately, while the remaining two populations were stimulated with plate-bound anti -CD3 mAb (Hit3a, Pharmingen, San Diego, CA) at 5 µg/mL in PBS and with soluble anti-CD28 mAb (CD28.2, Pharmingen) at 5 µg/mL in RPMI-1640 (Gibco-BRL, Gaithersburg, MD) with 10% fetal bovine serum (FBS). Cells were stimulated in 48-well plates with 1x10 6 cells per well. Stimulated cells were harvested at 6 and 16 hours and RNA extracted immediately. For studies using the HG-U95A GeneChip, cells were extracted only.
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RNA Extraction and Pool Preparation
At the indicated time points, total RNA was isolated using TRIzol reagent per manufacturer's protocol (GibcoBRL). Purity was verified using electrophoresis and spectophotometry and samples were stored at -80°C. To obtain sufficient mRNA and reduce inter-individual genetic variability, equal amounts of RNA obtained from multiple individual UCB and AB donors was pooled for study at each time point. Initially, RNA from 5 UCB and 5 control adults were utilized for hybridization to the U95A microarray.
This experiment was then repeated, using RNA pools from additional 7 UCB and 7 adult donors, with the exception of the adult 0h RNA pool that contained RNA from 6 adults.
In the replicate experiment, gene expression in the pooled samples was interrogated on the U133A&B microarray, and the same RNA samples were employed to validate observed changes in expression by RNase protection assays.
Purity Assessment and Confirmation of Surface Expression by Flow Cytometry
For purity assessment, cells were surface stained with fluorochrome-conjugated mAbs including CD3, CD4, CD8, CD14, CD19, CD56 (Pharmingen), and corresponding isotype controls. Confirmatory studies of surface expression were performed with mAbs against CD40L (Immunotech, Marseille, France), CXCR4, and CTLA-4 (Pharmingen).
In each experiment, purified T-cells from 1 UCB and 1 adult control were stimulated as above and stained for CXCR4, CD40L, and CTLA-4 expression at 20h. This was only. + ranged from 95-99% with the majority >97% (data not shown).
Gene Expression Analysis
Gene expression was interrogated at the indicated time points using Affymetrix HG-U95A and HG-U133A&B expression microarrays (Affymetrix). In the initial experiment, RNA pools from 5 adult and 5 UCBs were hybridized to U95A microarrays.
In the second experiment, we used the newly released HG-U133A&B chip set, which contains 44,763 oligonucleotide probe sets for approximately 33,000 genes, to interrogate expression in additional 7 UCB units and 7 adult controls. It was decided to switch from HG-U95A to HG-U133A&B microarrays, since the HGU133A&B array set contains refined, more robust probe pairs and since probe sets to interrogate NFATc2 expression, lacking on the U95A chip, were added to this new generation of microarrays.
Pooled total RNA from each time point was used to prepare biotinylated target cRNA, with minor modifications from the manufacturer's recommendations For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From resulting in the generation of biotinylated cRNA that is approximately 100-fold amplified above the initial quantity of starting material. The target biotinylated cRNA generated from each time point was processed as per manufacturer's recommendation using an Affymetrix GeneChip Instrument System. Briefly, spike transcript controls and 15 µg of fragmented cRNA were added to a hybridization cocktail. This mixture was hybridized to the expression microarray by incubation at 45°C overnight. Arrays were then washed and stained with streptavidin-phycoerythrin, before being scanned on an Affymetrix GeneChip scanner. After scanning, array images were assessed by eye to confirm scanner alignment and the absence of significant bubbles or scratches on the chip surface. 3'/5' ratios for GAPDH and beta-actin were confirmed to be within acceptable limits (0.82-1.07), and BioB spike controls were found to be present on all chips, with BioC, BioD and CreX also present in increasing intensity. Finally, each image was scaled to a target intensity of 1500 and the scaling factors for all arrays were confirmed to be within acceptable limits (4.6-7), as were background and noise.
Data Analysis
For both the HG-U95A and HG-U133A&B arrays, the fluorescent intensity of To identify genes that exhibited differences in expression between UCB and adult, the data sets were trimmed in Excel using the following inclusion criteria. For a gene or a probe set to be included in this trimmed data set, it had to display i) a Present Call (P) in at least one of the compared samples, and ii) a Change Call No Change (NC), and iii) a 2-fold difference in expression between the two compared samples.
Additional annotation data was incorporated into the data set using the Affymetrix webbased analysis tool NetAffx .
GeneSpring Analysis
The signals displayed for the genes in each sample included in the HG-U133A&B trimmed data set, were imported into GeneSpring software version 5.1 (Silicon only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From Genetics, San Carlos, CA). To present the relative expression for a given gene or probe set in each sample, the measured signal for each probe set was divided by the median of its measurements in all samples. If the median of the raw values was below 10 then each measurement for that gene or expressed sequence tag (EST) was divided by 10.
One-way hierarchical clustering with Pearson correlation analyses and minimum distance of 0.001 was employed to order genes in the trimmed data set for the time course carried out in the UCB and adult samples. The resulting gene tree incorporated all the genes/ESTs that had met inclusion criteria from the UCB v AB comparisons at any of the three time points (0, 6 and 16 hr primary stimulation).
RNase Protection Assay
To confirm the array data, expression of selected genes was analyzed in the same RNA pools that were hybridized to the HG-U133A&B arrays, using the RiboQuant multiprobe RNase protection (RPA) kits (Pharmingen). RPA kits included: hCK1, hStress and hCK2b. Replicate assays were performed according to the manufacturer's protocol using 32 P dUTP, on 5ug of RNA; two times each for the hCK1 and hStress probe sets, and three times for the hCK2b probe set.
Multiplexed Cytokine Measurements
CD4
+ T-cells were purified and each 1 UCB and AB sample was stimulated as described above for 20 hours. Supernatants were collected and analyzed in duplicate by a multiplexed cytokine array using fluorescent microspheres 27 at the Roswell Park 
Results
Consistency of Microarray Expression Data
Two independent studies were carried out. The first examined gene expression in UCB and AB CD4 + T-cells at 0h and 16h of primary stimulation with anti-CD3 and anti-CD28, using the HG-U95A microarray (data not shown). The second study assessed gene expression at 0, 6, and 16h of stimulation using the HG-U133A&B microarray set. Data obtained from the 2 experiments was independently trimmed and analyzed using the same software and same inclusion criteria. After data analysis and trimming, the HG-U133A&B microarray data was compared to the dataset generated by the initial HG-U95A array experiment.
The two array datasets were queried as follows: first, each dataset was queried for similar gene name, as annotated using the Netaffx annotations for each chip. At 0 hour, 129 probe sets had the same gene name. Of these, only 4 probes (3.1%) showed conflicting data, i.e. called Decreased on U95A and Increased on U133A&B. At 16 hour, 178 probe sets had the same gene name of which only 1 probe (0.56%) showed conflicting data. Next, the dataset was queried for similar Affymetrix probe ID numbers.
This query revealed that at both 0 and 16 hours 100% showed corroboration of data between the U95A and U133A&B arrays. While data from the new HG-U133 microarray set cannot be directly compared to the HG-U95 microarray, our comparison however strongly suggests excellent reproducibility between these two microarray generations and thus robustness of the new HG-U133A&B microarrays. Further data mining was therefore carried out with the data from the HG-U133A&B microarrays.
Results of Data Mining
Genes or probe sets meeting the inclusion criteria of at least a 2-fold difference between comparison groups at any of the three time points were subjected to one-way hierarchical clustering ( Figure 1A ). This analysis revealed that UCB and AB exhibit distinct gene expression profiles at each time point, with more genes and ESTs exhibiting reduced expression in UCB than AB at each time point.
The final numbers of probe sets remaining after the inclusion analyses are shown in Figure 1B . At 0 hour, 852 probe sets met the criteria for inclusion, while at 6 and 16 hour 1611 probe sets and 1187 probe sets, respectively, met the criteria. Importantly, the number of differentially expressed probe sets increased after stimulation, with the largest difference at 6 hours. The Venn diagram in Figure 1B shows the overlap in these probe sets. 258 probe sets met the criteria for inclusion at all 3 -time points. 141 probe sets met inclusion criteria at 0 and 6 hours; 337 at 6 and 16 hours; while only 77 probe sets were determined to be significant at 0 and 16 hours but not 6 hours.
NFAT-dependent Gene Expression
The NFAT pathway is crucial for expression of inflammatory cytokines and other immunomodulatory proteins as evidenced by NFATc2-gene deleted mice. 22 As NFATc2 is expressed at reduced levels in UCB, 11 we queried the microarray dataset for genes known to be dependent on NFATc2 and genes involved in the NFAT pathway (Tables 1   and 2) . 15, 16, 21, 22, 28, 29 All known NFATc2-dependent genes on the HG-U133A&B microarray which met inclusion criteria, exhibited lower expression in UCB than AB CD4 + T lymphocytes, with the exception of the cyclins A2 and E2, which exhibited only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From higher expression in UCB than AB (Table 1 ). The majority of differences were seen during stimulation, with the exception of CD25 (IL-2R ) which only showed differential expression at 0 hr. NFATc2-dependent genes including IL-3, IL-4, IL-5, IL-13, GM-CSF, IFN-, TNF-, CD40L, and MIP-1 demonstrated lower expression in UCB T lymphocytes after 6 and 16 hours of stimulation. CTLA-4 expression was lower in UCB than in AB at all three time points. Several cyclins including A2, B1, E, and F, have been shown to be over-expressed in NFATc2 gene-deleted murine lymphocytes after stimulation.
29 Consistent with this report, our dataset revealed that cyclin A2 and cyclin E2 show greater expression in UCB than AB at 16 hr of stimulation.
NFAT-pathway associated Gene Expression
Of the NFAT family members, only NFAT5 and NFATc1 showed differential expression comparing UCB and AB. Surprisingly, we did not detect NFATc2 mRNA in either UCB, or in adult CD4 + T lymphocytes at any time point, in either of the 2 NFATc2 probe sets. Specifically, very low signals were detected by both probe sets, and were determined Absent in each sample by the MAS 5.0 algorithm (data not shown). This inability to detect NFATc2 could result from the intrinsic low levels of this message and/or possibly reflect a lack of sensitivity of the 2 NFATc2 probe sets. In this regard, in previous RT-PCR experiments, which logarithmically amplify the message being evaluated, as compared to linear amplification of cRNA for hybridization to microarrays, NFATc2 mRNA could not be reproducibly detected at 0h but could be detected consistently at 16h in adult (data not shown).
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expression by 6 hours of stimulation, this upregulation was attenuated when compared to the response seen in AB T lymphocytes. Expression fell to similar levels in both UCB 
Cytokine and Cytokine Receptor mRNA Expression
As cytokines and cytokine receptors play a crucial role in allogeneic inflammatory responses of T lymphocytes, we queried the array data to investigate the expression of these genes in UCB compared to AB at all time points. Fourteen cytokine and ten cytokine receptor genes showed differential expression between UCB and AB CD4 + T lymphocytes at at least one of the three time points (Table 3) . Of these, all except IL-16
showed lower mRNA expression in UCB CD4 + T lymphocytes with the majority of the differences seen during stimulation. IL-16 expression, as detected by two probe sets, was 3.48-fold and 2.83-fold at 6 hr and 3.03-fold and 2.64-fold at 16 hr higher in UCB than AB.
Chemokine and Chemokine Receptor mRNA Expression
Chemokines and their receptors have been implicated in the pathogenesis of GVHD 32 as well as allograft rejection. 33 Additionally, they have been shown to have differential expression in UCB with RANTES, CCR1, CCR2, CCR5, CCR6, and CXCR3
previously described as reduced in UCB. 34, 35 We therefore queried the array data to determine whether there may be differential expression in additional chemokine and receptor genes between UCB and AB (Table 4) For 
Confirmation of mRNA expression
To confirm the data generated from the HG-U133A&B microarrays, RNase protection assays (RPA) were performed analyzing the same RNA pools that were used for the U133AB gene array analysis. Expression patterns of NFAT-dependent genes including IL-2, IL-4, IFN-, and p21 were confirmed by RPA (Figure 2A ). Additionally, RPA results for cytokines IL-1 , IL-5, IL-9, IL-10, and receptor IL-1R were noted to corroborate the array data. As shown in Figure 2A 
Analysis of protein expression
Next, additional confirmatory studies analyzing protein expression by flow cytometry were performed on purified T lymphocytes stimulated for 20 hours. This later time point was chosen to allow for translation of the mRNA into detectable proteins.
Correlating with mRNA expression measured by gene array, CXCR4 and CD40L exhibited significantly reduced surface expression in stimulated UCB T lymphocytes.
Stimulated cells expressing CXCR4 ranged from 2.1%-3.4% on UCB compared to 2.5%-15.7% on AB (n = 4, p<0.05); and expressing CD40L ranged from 0.74%-13.3% The largest numbers of differentially expressed genes and ESTs were noted to occur during stimulation. Importantly, at each time point, a larger number of genes exhibited reduced expression in UCB compared to adult than vice versa. This suggests that UCB
CD4 + T-cells do not up-regulate genes comparable to adult T-cells upon stimulation, but
rather up-regulate a different set of genes as suggested by the patterning on the hierarchical gene tree ( Figure 1A ).
The focus of this analysis concentrated on NFATc2-dependent genes, as an extension of our previously reported studies outlining deficiencies in UCB NFATc2 protein expression, as well as reduced expression of the NFATc2-dependent genes CTLA-4, IFN-and TNF-, in UCB T-cells compared to adult controls. 11, 23 In this analysis of CD4 + T-cell mRNA expression during primary stimulation, we observed that many NFAT pathway-related genes and NFATc2-dependent genes exhibited lower expression levels in UCB. In addition to NFAT-regulated cytokine genes, the gene array data revealed a profound overall defect in cytokine expression in UCB T-cells, which suggests that the immune system does not discriminate between self and nonself, but rather between dangerous and harmless entities. 41 The dramatically reduced IFN-expression (10.6-fold at 6 hr; 9.2-fold at 16hr) observed in stimulated UCB T-cells did not correlate with residual IFN-expression previously reported in NFATc2 gene-deleted mice, suggesting additional deficiencies in UCB. 22 The observed reduced mRNA expression of JunB and Fosl1 (Fra-1), both of which partner with NFATc2 to form the AP-1/NFAT transcriptional complex, 20 A possible increase in NF B transcriptional activity in UCB is suggested by the decreased expression of the NF B inhibitor I B (NFKBIE), as well as increased expression of VAV3, a protein that is phosphorylated in response to TCR stimulation and preferentially enhances NF B-dependent transcription. 48 It is interesting to note that Kilpinen et al found higher nuclear translocation and activation of NF B in UCB CD4 + T lymphocytes, 49 suggesting increased activation of NF B, possibly through defects in inhibitory mechanisms, as suggested by our data. Taken together, our observations of differential expression of NFAT pathway associated genes supports previous findings of reduced NFATc2 in UCB, while also suggesting possible compensatory pathways for the regulation of IL-2. Fold changes between UCB and AB are indicated (FC).
